This work aims to numerically study the moisture absorption in polymer composites reinforced with vegetal fiber, using the diffusive model of Langmuir, which considers the existence of water molecules inside the material free to diffuse and adsorb at the capillaries walls, in the solid. A threedimensional and transient mathematical modelling to describe the water absorption process by the composite and its numerical solution via finite volume method are presented and discussed. Results of the free solute concentration, entrapped solute concentration, local moisture content and average moisture content obtained at different instants of the process are presented and analyzed. It was verified that the concentration gradients of the molecules (free and entrapped) are higher at the material surface. In addition, as the concentration of free water increases, there is also an increase in entrapped water concentration within the material at any time of the process.
Introduction
Composites are materials formed by the combination of two or more materials, insoluble in each other, forming a useful engineering material, that has certain properties and that are not obtained by its constituents separately 1 .
Generally, a composite is constituted by a matrix (continuous phase that completely involves the disperse phase) and a reinforcement (discontinuous phase or dispersed in the form of fibers, spherical particles or platelets), that provides different structures and properties to the material.
In relation to the reinforcement types that can be used in the composites, the vegetal fiber is highlighted. In comparison to the traditional synthetic reinforcement agents, the vegetable fibers present lower density, abrasiveness and cost, besides, they are biodegradables and renewable. Its mechanical performance can be compared to the synthetic fiber performance and they present good thermal properties 2 , which justifies its use as a reinforcement in polymers. So, the use of vegetable fibers presents high potential in technological application due to its use as a substitute of synthetic fiber. The production of those fibers presents a great socioeconomic character, especially in Brazil, where they are produced by communities of the north and northeast regions 3 .
The main disadvantages of the vegetable fibers as a polymer composite reinforcement are its susceptibility to the influence of environmental agents, non-uniformity and low mechanical properties, especially at high temperature. Besides the non-polar characteristics of the thermosetting resins. So, the knowledge of the hygrothermal behavior of the composite reinforced by vegetal fibers becomes essential to a better use of this type of material and its properties in materials used in engineering. From this, the moisture absorption mechanisms in polymer materials have been object of numerous studies and suggest that the sorption dynamic is very complex and depends on the type of the polymer, conditions and experiences realized 4 .
Moisture absorption in composites can degrade the mechanical properties by three different mechanisms: the first involves the water molecule diffusion within the microlacts between the polymer chains; the second involves the capillary transport in gaps and faults at the interfaces between fiber and matrix, and the third mechanism is associated with swelling effects that propagate microcracks in the matrix 5 . In addition, the hygrothermal exposure can reduce the glass transition temperature of the polymers and cause plastification of the polymer matrix resulting in the decrease of the dominant resistance properties of the matrix. The hygrothermal effect increases the internal voids, promotes chain expansion and forms microcracks in the polymer matrix 6 .
The description of the phenomenon of water absorption in solids has been studied in the literature for years and it already has many models of water absorption defined. Among the most widely studied and used, the Fick´s model is highlighted due to the easy of fitting the equation of the model to the sorption data 7 .
The Fick´s law is a common model to represent a diffusion process where every water molecule is free to move in a polymer chain 8 . The suitability of the Fick´s model to the absorption process is reduced with the increase of the temperature and/ or the moisture as the diffusion mechanism becomes less dominant, and the other mechanisms such as, the interaction polymer-penetrant and/or the relaxion of the polymer begin to have an increasing effect in the moisture transportation 7 .
Hence the need to study other complex models that comprehend this difference of behavior. In this context, the Jacob's-Jones model 9 , the variable diffusivity model depending on the time 10 and the Langmuir´s model 11 , can be cited.
In Langmuir's model, for instance, one quantity of the water molecules is free to move while the complementary quantity is connected to the polymer chains due to reversible chemical reactions such as that occurring when moisture-induced plastification occurs. A free water molecule can become an entrapped molecule and, mutually, an entrapped water molecule can become free. These effects are computed in the model by using two additional parameters: λ (probability of a free water molecule being entrapped) and µ (probability of an entrapped molecule becomes free) 4, 12 . Although Langmuir's model enables the incorporation of additional effects not contemplated by the Fickian model due to the inclusion of the effects of λ and µ, estimated by Joliff's methodology 13 , the difficulty of obtaining these parameters causes the absence of studies on the subject, limiting the use of the model. Thus, the development of studies on the Langmuir model with the objective of making its use feasible to deal with the limitations of more usual and less complete models, such as the Fick model, which, although satisfactorily models the initial moisture uptake regions, promotes a discrepancy between the proposed and the experimental model for final process times.
So, the object of this work is to develop a transient and three-dimensional mathematical modelling and its numerical solution (via finite volume method) to predict the mass transfer during the water absorption in a polymer composite reinforced by vegetal fiber via Langmuir´s model.
Mathematical Modelling

The physical problem
The physical problem to be studied is the absorption of water into a solid material with a geometry of a parallelepiped with dimensions 2Rx × 2Ry × 2Rz contained in a fluid environment away from the container wall in l x (in the x direction), l y (in the y direction) and l z (in the z direction), according to Figure 1 .
For the analysis and solution of the problem the following considerations were made: a) the solid is homogeneous and isotropic, in the form of a parallelepiped, b) constant diffusion coefficient throughout the process, c) transient process, d) there is no variation of the dimensions of the material during the process, e) purely diffusive water transport mechanism, and f) there is no mass generation and g) the solid is completely dry at the beginning of the process. 
The model
In the Langmuir model, the non-Fickian moisture absorption behavior can be explained quantitatively by assuming that the moisture absorption consists of two phases, one free water phase and the other entrapped 11 and is described by the mass transfer equations, as follows:
In Equations 1 and 2, C represents the concentration of the free solute to diffuse into the material, S represents the concentration of the entrapped solute, D is the mass diffusion coefficient (free water molecules), t is the time, λ is the probability of a free water molecule be entrapped inside the solid, and μ is the probability that an entrapped water molecules becomes free.
For a three-dimensional and transient approach, and based on the considerations adopted, the Langmuir´s model in Cartesian coordinates can be written as follows:
For the solution of Equations 3 and 4, the following initial and boundary conditions were used. a) Initial conditions.
] ] ] ] b) Boundary conditions.
Once determined C and S at any point within the material, one can calculate the total amount of moisture present in the material at any position and instant of time given by the sum of the concentrations of C and S, as follows: (7) Thus, average moisture content is given by:
where V is the total sample volume and dV= dxdydz. Similar equation was used to calculate the average free water concentration C .
Numerical solution
For the three-dimensional solution of the governing equations applied to the moisture absorption in materials with parallelepipedic shape, the approach of the finite volume method was used, with a totally implicit formulation for the concentration of the free solute and explicit formulation for the concentration of entrapped solute. For the discretization of the solid of dimensions 2Rx × 2Ry × 2Rz symmetrical equivalence and only 1/8 of the solid were used. Figure 2 illustrates a control volume used for the discretization.
The numerical solution is detailed below. a) Solution to the free water concentration The numerical solution of Equation 3 is obtained integrating it in the volume and time as follows:
Assuming a fully implicit formulation, we can write Equation 9 in the discretized form as follows: It should be noticed that these coefficients are applied to the internal control volumes of the computational domain. For the other control volumes of symmetry and border, proceed with a mass balance in each of them. In total there are 27 different control volume types. Following, the discretization for the control volume of the upper right corner of the computational domain is presented, according to Figure 3 In the discretized form, the local and average moisture contents and the average free water concentration can be written respectively as follows:
From the discretization of the governing equations, a system of algebraic linear equations is generated that must be solved to obtain the values of C, S and M within the material throughout the process. For this, the iterative Gauss-Seidel method was used in a numerical mesh 20x20x20 control volumes and a time step of 20 seconds, implemented in a computational code in Mathematica® software, after a refinement study. Table 1 . Geometric data used in the simulation
As an application, a specific isothermal case was selected to be studied (T=25ºC). Table 1 shows the data used in the simulation (D=7.31787 x 10 -12 m 2 /s, µ = 3.27972 x 10 -6 s -1 and λ = 2.12852 x10 -6 s -1 ).
The geometric data used in this application are related to sisal fiber-reinforced polymer composite samples reported by Santos 14 and the parameters D, μ and λ were estimated using the methodology reported by Joliff et al. 13 using experimental data of water absorption reported in the literature 12 .
Results and Discussions
Water absorption kinetics
For this analysis, water absorption curves were plotted as a function of time. Figure 4 shows the kinetics of average moisture content in the composite. The final moisture content value is 0.146893 kg/kg achieved after 210,000 seconds (58.33 hours). The kinetics shows higher absorption of moisture at initial times of the process and for long timer exists a tendency to reach the equilibrium moisture content (saturation point). These results are consistent with those reported to polymer composites reinforced by other kind of vegetable fibers [15] [16] [17] [18] . 
Distribution of the free and entrapped water concentrations
For the analysis of the mass distribution of free water (C) and entrapped water (S) inside the composite, the results of these parameters were plotted in different planes (x=R x /2, z=R z /2 e y=R y /2) and times of process(t 1 =4500s, t 2 =21000s, t 3 =150000 s and t 4 =195000s). Figure 6 illustrates schematically the planes a) x=R x /2, b) z=R z /2 and c) y=R y /2, in the Cartesian plane. Figure 7 and 8 show the distribution of free solute concentration (C) in the planes x = R x / 2 and z = R z / 2, respectively. It is observed that the distributions in both planes occur similarly where the points of higher concentrations are at the surface and lower concentrations of free solute occur near the center of the sample (origin of the axis of symmetry). The same characteristic is observed in the kinetics of the average free solute concentration ( Figure 5 ).
From 150000 s of process, in the plane z= R z /2, it is verified that the free solute concentration has higher values than in R x /2 plane.
As the sample recipient has different dimensions then this difference in free solute concentration may be associated with the position of the sample in the recipient considered in the Langmuir´s model (l x ≠l y ≠l z ) and not considered in the Fick´s model. Figure 9 shows the distribution of free solute concentration in the y = R y /2 plane at different water absorption times. It is verified that the free water concentration occurs approximately symmetric in the x and z directions, resulting in a higher concentration of free solute at the surface of the sample as expected. Thus, it is verified that the distribution of free solute concentration is in agreement with the mass transport phenomenon described in the literature. Figures 10 and 11 show the entrapped solute distribution (S) in x=R x /2 e z=R z /2 planes for different times, respectively. After the analysis of these figures, it is observed that the highest concentration of S is found on the surface, at z=0.01 m ( Figure 10 ) and x=0.01 m ( Figure 11 ) and that, at the initial times there is practically no solute concentration entrapped at the surface. By analyzing the S distributions in relation to C, it can be verified that the free water concentration varies faster than the entrapped water, in the specified planes. So, there is a larger migration of free water inside the sample, which is responsible for the increase of entrapped water inside the composite.
Similarly to what occurs at C parameter, Figure 12 , that shows the distribution of S in y= R y /2 plane for different times, evidences that the behavior of the entrapment of the solute occurs almost symmetrically in the x and z directions. It can be verified, in general, that the entrapped solute concentration (S) is lower than the free solute concentration (C) at any point inside the composite and at any time of process. In addition, as the concentration of free water increases, there is also an increase in entrapped water concentration within the material, showing a strong correlation between these two parameters.
Conclusions
In this research a three-dimensional and transient mathematical modelling and its numerical solution, to describe the water absorption in polymer composites reinforced by fiber were presented. From the obtained results, it can be concluded that:
a) The numerical solution of the Langmuir model was appropriate and the obtained results were consistent with the mass transport phenomenon inside the material; b) The highest moisture absorption occurs at the initial times of the process tending to equilibrium for long times; c) The free solute concentration increases faster that the entrapped solute concentration at any time of the process and at any point inside the composite; d) The molecules concentration gradients (free and entrapped) are higher close to the surface of the material; e) There is a strong correlation between the free and entrapped solute concentration, verified by their simultaneous increase.
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